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Abstract
The pulsed performance of carbon fiber electroflocked cathodes, produced by
ESLI, are reported. Performance characteristics include, normalized emittance and
normalized brightness of the resultant electron beam, and turn-on field and longevity of
the cathodes. The three cathodes tested were made with PAN derived carbon fibers of
lengths 0.020", 0.050", and 0.100". The fibers were 7-8 jpm in diameter and were
electroflocked on a POCO graphite substrate with a fiber packing density of -60,000
fibers/cm2. They were tested using fields ranging from 60 to 110 kV/cm with pulses of
-200 ns in duration. These tests were conducted at a vacuum pressure of 4x10 6 torr.
Additional longevity tests were conducted with fields of- 10 kV/cm, at a repetition rate of
-2.5 Hz, and at a pressure of 8x10-5 torr.
All three cathodes turned on at a field of <10 kV/cm. The resultant electron beams
had emittances ranging from 0.015 to 0.07 (7 cm rad) and brightnesses ranging from
4x10 4 to 3x10 5 A/cm2 rad2. There was no observed loss of performance in either of the
two longevity experiments conducted. These results are compared to a POCO graphite
cathode that was tested in this experiment, and with velvet cathodes tested in other
studies. The PAN fiber cathodes tested have performance comparable to velvet cathodes
used in other experiments.
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Chapter 1
Introduction
Intense relativistic electron beams find application in many diverse areas, including
x-ray production, laser pumping, material response studies, generation of coherent
electromagnetic radiation, and inertial confinement fusion. The generation of such beams
entails use of electron guns equipped with field-emission (explosive-emission) cathodes
that are capable of providing current densities ranging from hundreds to thousands of
amperes per square centimeter of emitting area. In many applications, high beam quality is
defined by low normalized emittance (n, ) and high normalized brightness (B, )"[.
The emittance (e) of a beam is a quantity that implies focusability or parallelism.
The electrons in a given beam will move primarily in the direction of the beam, but will
also have a velocity component that is perpendicular to the direction of the beam. A large
perpendicular velocity can lead to inefficiencies in the applications described above, and
results in a high beam emittance. A lower perpendicular velocity for a given beam energy
leads to a lower beam emittance. Specifically, emittance in the x-direction is defined as
1/n7 times the phase-space area occupied by the beam in the vx-x plane[2 '[3]. More
commonly, this plane is termed the 0x-x plane. Emittance is similarly defined in the y-
direction. Emittance has the units (nt cm rad) where the 7c indicates the area has been
multiplied by 1/h (yes, this does seem backwards). Emittance and normalized emittance
will be more fully described in chapter 2.
The brightness (B) of a charged particle beam is the current density per unit solid
angle in the axial direction. Bright beams have high current density and good parallelism.
In those applications that require high power outputs, high brightness is needed.
Brightness is closely linked to emittance, and has units of (A/cm2 rad2). Brightness and
normalized brightness will be more fully described in Chapter 2.
Previous work has shown that beam quality is very dependent on the cathode
material used. Work by D. A. Kirkpatrick et. al.141 examined a number of different
materials, including POCO graphite, sandblasted 2024 aluminum, smooth reactor grade
graphite, and others. Measured emittance ranged from 0.27 to 0.083 (7 cm rad) while
measured brightness ranged from 1,000 to 24,000 (A/cm2 rad2). In a later study [5, velvet
appeared to surpass all these materials with better shot-to-shot reproducibility, emittance
in the range of 0.10 (nc cm rad) and brightness on the order of 300,000 (A/cm2 rad2). It
was postulated that the local field enhancement caused by the sharp edges of the velvet
fibers was responsible for the improved cathode performance.
Energy Science Laboratories (ESLI) of San Diego, California has developed
methods to fabricate carbon velvets by electroflocking, a process in which charged fibers
are accelerated by an electric field toward a target coated with an adhesive to hold fibers
in place. A random uniform velvet structure consisting of vertical fibers is achieved with
packing fractions that cover 1-10 % of the substrate surface. Fiber diameters ranging
from 1-50 gtm and fiber lengths in the range 100-10,000 glm can be used.
Different materials can be used for the fibers in the electroflocking process, to
include tungsten, carbon, diamond coated carbon, and others. The fibers tested in this
study are PAN (polyarylacrylate-derived) carbon fibers, 7-8 gtm in diameter, available
from Hercules, AMOCO, Textron, etc. They are cut to lengths of 0.020", 0.050", and
0.100" with a 5% length deviation. These fibers are bonded to a POCO graphite (type
AXF-5Q, POCO Graphite, Inc.) substrate with a conductive adhesive. To stabilize the
velvet, strengthen the bonding of the fibers to the substrate, and increase electrical
conductivity, ESLI applies a thin (1 gm) carbon overcoat by low pressure infiltration of
hydrocarbon gas at 11000 C (T. Knowles, ESLI, 21 Apr 96). The purpose of this thesis is
to evaluate these materials and to characterize their usefulness as cathode materials.
Chapter 2 will provide an overview of the whisker theory of field emission.
Understanding how a cathode plasma is generated and what effects the cathode material
has on this process is critical in the search for improved field emission cathodes. What
was initially described by researchers as field emission did not account for the plasma
processes that lead to electron emission described by the Child-Langmuir law [6]. These
plasma processes have come to be called explosive emission even though they are driven
by high electric fields. The microscopic explosions of material that typify an emission
center's generation of microplasmas is the genesis for this term. Additionally, chapter 2
will address fiber cathodes and how they improve electron beam quality. This quality will
be defined in terms of the emitted electron beam's emittance and brightness.
Chapter 3 will cover the experimental design and methods for analyzing the PAN
fiber covered cathodes. The three main beam diagnostics, the Current Viewing Resistor
(CVR), the voltage divider, and the scintillation detector will be addressed as well as how
their results are to be interpreted. Particular attention will be paid to the method for
determining emittance.
Chapter 4 will present and discuss the results obtained from three different PAN
fiber lengths as well as a POCO graphite (type AXF-5Q, POCO Graphite, Inc.) cathode.
The materials will be compared on the basis of turn-on E-field, normalized emittance s,,
and normalized brightness B,. This chapter will also examine any quantitative trends due
to changing PAN fiber length and include comparison of PAN fiber performance to the
performance of velvet from previous studies. Longevity tests of the PAN fibers in two
different voltage regimes with different numbers of pulses will be discussed.
Chapter 5 will discuss conclusions based on the data and make comparisons
between the PAN fiber cathodes and velvet and POCO graphite cathodes. This chapter
will also make recommendations for cathode improvement and discuss avenues for future
research.
Chapter 2
Theoretical Framework
2.1 Field (Explosive) Emission in Planar Cathodes
Planar cathodes have long been used as sources of electron beams. For an electron
to leave a cathode, usually a metal, enough energy must be supplied to overcome the work
function of the metal. A number of different methods have been used to overcome this
work function including heating the cathode (thermionic emission), and applying electric
fields (field emission). In thermionic emission, the electrons gain enough energy through
thermal excitation to overcome the work function potential barrier. In the case of field
emission, the applied electric field lowers the work function potential barrier, leading to
enhanced emission, known as the Schottky effect [71. If the applied fields are large enough,
additional plasma processes, known as explosive emission, can come into play that can
greatly enhance the current due to the applied fields. A large number of studies have
examined field emission and the plasma processes that are responsible for the behavior of
these field (explosive) emission cathodes.
2.1.1 Surface Defects (Whiskers)
In any solid material, there will be a large number of surface defects. These
defects can be impurities in the solid crystal lattice, oils or other surface contaminants, or
microscopic surface protrusions [8'. When an electric field is applied to the surface, some
of these defects, or whiskers as they are more commonly called, can cause local field
enhancement. Field emission currents emanating from these whiskers can ohmically heat a
small localized area of the cathode. Impurities can boil off the surface, and the surface can
be liquefied and vaporized, creating a local microplasma. The sites from which these
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microplasmas are formed are called emission centers (EC). In planar cathodes, these EC's
can behave in such a way, that as they give up material to form their associated
microplasma, they can also form new whiskers [8]
2.1.2 Microplasmas from Emission Centers
These microplasmas grow and merge to form a plasma sheath which covers the
cathode. This plasma is then essentially a zero work function surface from which
electrons can be drawn. The formation of these microplasmas is what constitutes initial
breakdown or turn-on of the cathode surface. Complete turn-on is attained once the
plasma completely covers the cathode surface. Once this plasma formation is complete,
the electron current density emanating from it is space charge limited and is described by
the Child-Langmuir equation :91:
J = 2.34x10 .6 V3/2 d-2 [amps cm-2] (2.1)
where V is the anode-cathode potential difference in volts; d is the anode-cathode gap
distance in cm. Rapid turn-on of emission centers across the cathode surface is required
to minimize the spatial variations of the resultant electron beam [01]. Thus, a cathode
material that requires a low field to fully turn-on would produce an electron beam that is
superior to one produced by a cathode that requires a high field to fully turn-on.
2.1.3 Complete turn-on
There are two competing processes that influence the spread of the microplasmas
from EC's, the relay effect and the screening effect. The relay effect enhances the
activation of new EC's, while the screening effect inhibits their activation. Overall, the
spread of the microplasmas is ultimately governed by the strength of the field applied and
at what applied field the individual whiskers can turn-on.
The relay effect is due to the ion current from the cathode plasma to the cathode,
and its interaction with non-metallic defects on the cathode surface. These defects could
be oils or other dielectric materials on the surface. As the electrons in the cathode plasma
are drawn away to the anode, the ions flow back to the cathode. At the dielectric defect
site, these ions would tend to accumulate until the electrons on the underside of it and the
ions on the surface of it charged it sufficiently for it to break down. This would most
likely occur at a site where a conducting protrusion was underneath the dielectric site.
The site would vaporize like the earlier formed whisker, and a new emission center would
be formed ["1. This could be near to, or at some distance from the original EC.
The screening effect is due to the decrease in the electric field caused by an ignited
EC in its local area. This decreased field is due to two reasons. First, the microplasmas
formed on the surface of the cathode will acquire a potential close to the cathode
potential. Second, the space charge of the electrons emitted by the microplasma will also
decrease the local electric field. Since even a small decrease in electric field can prevent a
whisker site from igniting, the screening effect can inhibit potential EC's in the vicinity of
an activated EC from igniting [121. The screening radius is given by [10]:
Rs = 11,080d(y2-1)0. 25(Iamp) 0.5(V/volt)' (2.2)
where d is the anode-cathode gap, y is the relativistic mass factor, I is the current per EC,
and V is the applied voltage. This is the radius of the cathode area screened by the
electron beamlet and microplasma in the vicinity of an EC..
2.1.4 Gap Closure
If the electric field continues to be applied once complete turn on is attained, the
plasma sheath will continue to expand and begin filling the anode-cathode gap. The
plasma then becomes a virtual cathode that expands toward the anode effectively
shortening the gap distance. The closure rate can be as fast as 1-3 cm/lsec [13]. This gap
closure rate can slow as the cathode plasma expands through the gap and becomes more
tenuous [141. The current emitted by the cathode will exceed Child-Langmuir predictions
when gap closure begins. Space charge limitation is not being violated here, it is merely
that the effective anode-cathode gap distance is being shortened. Once the cathode
plasma extends all the way to the anode, the diode will be shorted out, and the anode-
cathode voltage will drop to nearly zero. Thus, the pulse length and hence the duration of
the high energy electron beam is limited by how quickly the gap closes.
2.2 Fiber Cathodes
For cathodes that are macroscopically smooth, such as graphite, the whiskers
available to form EC's are a function of the material and its processing. For example,
reactor grade graphite has better performance than POCO graphite. This is believed to be
because the graphite flakes in the reactor graphite are randomly distributed and sharp
protrusions exist, while the flakes in the POCO graphite are very ordered and lie flat on
top of one another [41. It is believed that selecting cathode materials that maximize
whisker sites would result in electron beams of superior quality. Therefore, cathodes
made of a large number of small diameter conducting fibers were sought.
2.2.1 Velvet
Velvet, either cotton or synthetic, is a material that readily fits this description.
The individual fibers are usually 10-20 4lm in diameter. Many different studies have
shown velvet cathodes to be far superior in the quality of electron beam they can produce,
as compared to other smooth planar emitters such as graphite, aluminum, etc. [51. A
number of different electron beam devices have reported improved performance when
switched to a velvet cathode.
2.2.2 PAN Fibers
The PAN fibers tested in this experiment are 7-8 pm in diameter with a packing
density of approximately 60,000 fibers/cm2. This corresponds to a surface coverage of
approximately 2.5%. These fibers are expected to have performance similar to velvet.
The fiber's carbon content can be varied, and coatings such as diamond can be added.
Additionally, the: length of the fibers can be chosen within certain limits, and the fiber
packing density (number of fibers per cm2) can be varied. It is believed that the available
variables can be optimized to produce a fiber cathode that is superior to velvet.
2.3 Electron Beam Quality
What is needed next is a clear definition of what constitutes beam quality. From
this definition can come a set of measurable standards that can be used to characterize the
performance of any cathode material. Relativistic electron beams with high current
densities and low temperatures are needed for a variety of devices including free electron
lasers (FEL's) and other sources of coherent radiation 151. Low temperature requires that
the velocity of the electrons perpendicular to the beam be minimized. This perpendicular
velocity can be measured by examining the divergence of the electron beam. A useful
measure of this divergence is given by the emittance of the beam. Additionally, if high
output powers are required, then high currents and high current densities are needed. In
this instance, brightness is a key measure of quality 41]. For example, the gain of a free
electron laser operating in the low gain Compton regime is directly proportional to the
beam brightness 51.
2.3.1 Emittance (c)
Emittance is chosen as a quantity to characterize the quality of the electron beam
because it is a conserved quantity when a beam is subjected to reversible processes. A
modification of the distribution of the individual electrons in the beam is reversible if the
process preserves the volume and the continuity of the distribution in v,-x phase space [2]
Thus, as the beam travels through a field free region of space, its emittance is conserved.
Additionally, the beam can be focused through a series of linear lenses and have its
emittance conserved. If, however, a non-linear lens were to be used to focus the beam,
the process would be irreversible, and the emittance would increase [2]. For an isotropic
beam, neither the x- nor the y-direction is preferred, and thus e = ey.
In practice, the emittance of an electron beam can be measured using the pepper-
pot technique. In this technique, the convention is to measure emittance in 0k-x trace
space since these parameters can be directly measured [2]. (Note: the specifics of this
calculation as it is performed for this experiment are given in chapter 3). In the pepper-
pot technique, the electron beam is allowed to impact on an anode with an array of
pinholes in it. Each pinhole allows a small beamlet to pass. This beamlet then propagates
through a field free region where it finally impacts on a scintillating screen, and is recorded
as a spot. Figure 2.1 shows angles So and 0 used to calculate emittance. The divergence
of each beamlet, 6O, is defined as the area within the spot where the intensity is above the
full width at half maximum (FWHM) for that particular spot. Additionally, 0 is defined as
the angle measured from the central axis of a particular beamlet pinhole to the center
(peak intensity) of the spot. The phase plane representation of any one beamlet is a
vertical line of length 2(80), centered at 0, and drawn at the radius of the pinhole source in
the X - 0 phase space plane. When all the beamlets have had their phase plane
representations drawn, the emittance is defined, by convention, as lhr times the area
circumscribed by all the individual beamlets. This gives emittance in units of (R cm rad).
Further details are given in references 2 and 3.
When a beam undergoes acceleration, its emittance is reduced. The perpendicular
component of velocity of the particles may remain constant while the axial velocity
increases, leading to a reduction in 80. Therefore, an additional quantity is introduced, the
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normalized emittance, En, which remains constant during acceleration [21]. This quantity is
calculated by:
&n = Pye (2.3)
where 3 = v/c is the normalized beam velocity and y = 1 + (eV/mec 2) is the relativistic
mass factor (V is the accelerator voltage). The details of this calculation for this
experiment are given in chapter 3.
2.3.2 Brightness
As stated earlier, the brightness of a beam is the current density per unit solid angle
in the axial direction. When beams have Cartesian symmetry in the perpendicular
direction, we carn write an expression for brightness in terms of the emittances [2]. Once
the emittance has been calculated, the brightness of the electron beam is simply given by,
B = I/F2&x, y (2.4)
where I is the measured current. If the beam is isotropic, then ex = &y and brightness is
given by:
B = I/2 2  (2.5)
Note that if & is a conserved quantity, then beam brightness is also a conserved quantity.
Like emittance, brightness is not conserved during acceleration, so the normalized
brightness, Bn is introduced. Once again, the details of this calculation for this experiment
are given in chapter 3. The normalized brightness is given by:
Bn = I/7 2 En 2 (2.6)
2.4 Cathode Longevity
With explosive emission, part of the cathode material is sacrificed to make the
cathode plasma. The whisker sites that are best at causing large enough field emission
currents to initiate a plasma flare are destroyed in this process. The question then is, how
long can a given cathode last before its whisker sites are destroyed to the point where the
output of the cathode is reduced?
2.4.1 Planar Cathodes
The primary generating mechanism of cathode plasma material from planar
cathodes is the rapid joule heating and subsequent explosion of whisker sites. The
generation of the currents required to explode these whiskers are not fully understood.
The unipolar arc model has been proposed by Schwirzke [15 and provides a reasonable
explanation of this phenomenon. Studies by Mesyats, et.al. [11 show that these sites
become craters filled with molten cathode material. This liquid layer is displaced to the
edge of the crater, where it forms a ring shaped ridge. Because of surface tension,
pressure fluctuations, and hydrodynamic phenomena, this ridge disintegrates into stems,
which blow off small drops of less than 1 tm in size. What remains of the stem is a new
whisker that can again become an emission center. Whenever the pulse ends, these liquid
whiskers quickly solidify and are available as whiskers for the next voltage pulse. By this
method, a planar cathode can regenerate new whisker sites with each pulse and continue
to be an effective electron source.
2.4.2 Anode Erosion
Additional material atomization can occur at the anode. The electrons generated
at the cathode are accelerated across potentials that typically make them at least mildly
relativistic. When these electrons impact on the anode, they cause anode material to be
ejected into the anode-cathode gap. These particles can be easily ionized and, if the pulse
duration is long enough, anode material can be transported to the cathode. In fact, despite
the initiation of breakdown at the cathode, the dominant erosion processes take place at
the anode [1]
2.4.3 Fiber Cathodes
Fiber cathodes would at first seem unlikely to be able to survive long in this
environment. For the PAN fibers tested, approximately 2.5% of the graphite substrate
surface area was covered by fibers. Craters left on a planar cathode after a whisker
explosion can be - 5 jpm across, while the diameters of the PAN fibers tested are - 7 gm.
By comparison, velvet fibers can be -10 ptm across. If a fiber cathode gave up material in
the same manner as a planar cathode, this would seem to lead to rapid deterioration of the
fibers. However because of the much larger surface area of a fiber cathode, adsorbed
gases are a much more important contributor to the cathode plasma than they are in a
planar cathode. This theory is supported by a study performed by Westencow, et. al. [14]
In Westencow's study, velvet sources were employed on a high repetition rate
accelerator. It was noted that above a 50 Hz repetition rate, the emission current from the
cathode would die out. However, as the repetition rate was lowered, the current would
recover. The rate of deposition of gas onto a surface is proportional to the pressure, so if
a fiber cathode is allowed to recover, it should be able to continue to create a cathode
plasma while minimizing the degradation to the fibers themselves. From this theory, the
vacuum at which the fiber cathode is operated should also effect the performance of the
cathode.
In general, the longevity of velvet cathodes in different studies is related to the
strength of the applied accelerator voltage, the length of the pulse, and the quality of
vacuum the system operates in. The results of a number of different studies using velvet
are tabulated in chapter 4 along with the results obtained in this experiment.
Chapter 3
Design and Methods
3.1 Voltage Pulse Generator (Pulserad)
The accelerator used in this experiment is a Physics International Model 615 MR
Pulserad. It is composed of an oil insulated, six stage Marx generator. Each stage has
two 1.0 pF, 50 kV capacitors and all capacitors are connected in parallel by a set of
copper sulfate (CuSO4) resistors, and in series by seven spark gap switches . The spark
gap switches are pressurized (8 - 25 psi) with sulfur hexaflouride (SF6). The capacitors
are charged in parallel through the copper sulfate resistors by a Universal Voltronics high
voltage power supply. The supply puts out approximately 2 mA and takes about 45
seconds to charge the Marx capacitors to a typical voltage of 40 kV. The Marx bank is
triggered by a Physics International PT-70 control panel and PT-55 trigger amplifier.
When all the spark gaps break down, the capacitors become connected in series
across the load. Consequently, the twelve capacitors appear to be a single 0.083 pF
capacitor charged to approximately twelve times the original voltage. The Pulserad is
capable of generating a pulse of up to 500 kV; 4 kA; 200 ns. It is equipped with a
crowbar switch that is designed to clip the pulse at a specified time interval after the peak
voltage is attained. This results in a pulse that fairly approximates a square wave.
However, the crowbar switch on this device was not operational during this experiment.
As a result, the voltage pulse had a decaying oscillatory component after the initial peak
was attained. This may be responsible for some of the multiple spots recorded by the
beam diagnostic, discussed later in this chapter. A typical voltage pulse and current
response are shown in figure 3.1.
Typical Voltage Pulse
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Figure 3.1 - Typical Voltage Pulse
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3.2 Anode-Cathode Setup
The cathode holder is a thick aluminum disk with a cylindrical hole in the center,
allowing for the insertion of a plug of emitting material (see figure 3.2). Different emitting
materials are studied by removing and changing the plug of emitting material. The entire
surface of the cathode, with the exception of the emitting area, is coated with Dem-Kote
4X592B Green Epoxy Insulating Varnish to minimize undesired emission. This varnish is
rated at over 1900 volts/mil thickness and is approximately 5 mils thick. The cathode is
mounted on a shaft and the anode-cathode gap distance can be varied by inserting spacers
behind the main aluminum head. The anode is mounted on the vacuum housing.
For the POCO graphite shots, spacers were placed behind the POCO graphite
plug in order to extend it beyond the planar surface of the aluminum head to further
minimize undesired emission. Additionally, the sharp edges of the graphite plug were
smoothed off to minimize edge effects. Each of the PAN fiber tufts studied were mounted
on a separate POCO graphite substrate, forming an insertable plug. Spacers of thickness
0.020" were used behind the 0.020" length PAN fiber plug in order to bring the tips of the
fibers flush with the aluminum cathode head. The tips of the 0.050" length fiber plug
extended 0.010" beyond the aluminum head, and the 0.100" length fiber tips extended
0.060" beyond the aluminum head.
3.3 Current Viewing Resistor (CVR)
Current is measured by means of a current viewing resistor (CVR) located
between the vacuum housing and the side of the Pulserad (see figure 3.2). The CVR is a
set of two brass rings connected by 102 low (10 ohm) resistors in parallel. It is
specifically designed to be low inductance. The electron current flows from the cathode
to the anode which is grounded to the vacuum housing. A small amount of current goes
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Figure 3.2 - Anode-Cathode setup showing the location of the Current Viewing Resistor
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past the anode through a small pinhole and strikes a scintillating screen (described below),
which is also grounded to the vacuum housing. All current then flows from the vacuum
housing through the CVR to the side of the Pulserad, which is maintained at ground. The
voltage drop across the two sides of the CVR is recorded on an oscilloscope. The current
at any time during the pulse can then be easily calculated. The vacuum housing is
electrically isolated from the rest of the vacuum system by use of a ceramic break.
3.4 Gap Voltage Diagnostic
The voltage across the gap is measured by a calibrated voltage divider that
measures the potential difference between the cathode and the grounded side of the
Pulserad. The divider was calibrated by discharging a 0.05 AF capacitor charged to a
known voltage through the divider network that closely mimics the actual operation of the
Marx generator. The calibration is accurate to within 3%. The potential difference is
recorded on an oscilloscope.
3.5 Electron Beam Diagnostic
3.5.1 Pinhole Anode
The electron current emitted by the cathode is collected on an anode which is
grounded to the vacuum housing. This anode is 0.38 mm thick stainless steel and has a
single 0.51 mm diameter hole. Since the range of 300 keV electrons in stainless steel is
approximately 0.12 mm, and all electron beams measured during this experiment had an
energy of less than 280 keV, this anode effectively stops over 90% of the most energetic
electrons. The hole in the anode allows a low current electron beamlet to pass which then
propagates through a 5.2 cm long field free region. The beamlet then impinges on a
scintillating screen.
3.5.2 Scintillating Screen
The scintillating screen consists of a thin (0.038 mm) aluminum foil coated on the
downstream side with a thin (-0.076 mm) coating of ZnS. This experiment is very
sensitive to the construction of this scintillating screen, and the details of its fabrication are
given in Appendix A. The light from the electrons impacting on the ZnS leaves the
vacuum system through a Plexiglas window, and is recorded by a Polaroid CU-5 land
camera with a three inch lens using 612 Professional ultra high speed instrument recording
black and white film. The shutter of the camera is left open for a period longer than one
shot, so the emittance measured is effectively integrated over one shot.
3.6 Approximation of Emittance
3.6.1 Use of a single pinhole anode
Most measurements that examine the characteristics of an electron beam use the
pepper-pot technique. A key feature of this technique is that the resultant electron
beamlets coming from the anode pinholes must not overlap prior to arriving at the
scintillator screen [3]. In this experiment, this is not the case. Originally, we attempted to
use an anode similar to the one described above, but having five pinholes each 0.51 mm in
diameter spaced 1 cm apart in a cross pattern. Each pinhole in the anode produced
multiple spots which tended to overlap at the scintillator. Figure 3.3 shows the results of a
shot taken on the 5 pinhole anode. The basic cross pattern of the pinholes is readily
visible, but there: are additional spots that make it very difficult to distinguish which spots
came from which pinholes. It is not known whether these multiple spots came from a time
evolution of the plasma on the surface of the cathode, or from some other source, such as
the decaying oscillatory component of the voltage pulse. Therefore, a single pinhole was
used to facilitate analysis of the spots recorded by the camera.
Figure 3.3 - Shot taken on the five pinhole anode compared with the pinhole orientation.
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3.6.2 Measurement of 80
86 can be easily calculated from a measurement of the spot size recorded on the
Polaroid film. The method of performing this calculation is shown in figure 3.4. The
question that then arises is, since the spots do not have a sharp edge, what defines a spot?
In the absence of sharp boundaries, the convention is to examine the intensity profile of a
given spot, and define the edge at the full width-half maximum (FWHM) of the intensity
profile [3]
On most shots, more than one spot from the single pinhole was visible. The spot
selected for measurement on each picture was the one with the brightest intensity. This
spot was believed to be generated by the part of the pulse where the highest voltage and
hence the highest current was attained. In some cases, there were a number of spots that
were close in intensity. However, these spots were very close (within 5%) in size, and the
one chosen was the one closest to the center of the picture. Once a spot was selected for
measurement, the diameter across it was taken at the full width-half maximum (FWHM) of
the intensity of the spot. This is done to remain consistent with the convention of
measuring emittance [31. An example of a measurement taken is shown in figure 3.5. Note
in this figure the gray line within the largest spot. That is the line that borders the edge of
the FWHM. Four measurements of the spot diameter are taken to account for differences
in emittance in the x and y directions as well as minimize the error of the measurement.
The average of these four measurements is the spot diameter used to calculate 80.
3.6.3 Approximation of Emittance
Once 80 has been measured, the unnormalized emittance, . can be approximated
by:
S = (80)(rb) (3.2)
SPOT
DIAMETER
FIELD FREE
PROPAGA TION REGION
60 ~ tan(60) = y/x (for small 60)
60 = (spot diameter - pinhole diameter)/2
propagation distance
Figure 3.4 - Method of measuring 60
(3.1)
Figure 3.5 - Sample Spot Selection for Measurement
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where rb is the electron beam radius. We use rb ~ 2.2 cm as the effective beam radius since
it is the radius of the emitting material plug in the cathode. The normalized emittance is
then given by:
S,= Pys (2.3)
where 1 = v/c is the normalized beam velocity and y = 1 + (eV/rmc 2) is the relativistic
mass factor (V is the accelerator voltage). The accelerator voltage used is the peak
voltage attained during the pulse.
3.7 Calculation of Brightness
The normalized brightness is easily calculated from the measured current I and the
calculated normalized emittance. The Fn used assumes that the beam is isotropic and
therefore S = ~, = s~y. The current used in these calculations is the maximum current
attained during the pulse. The normalized brightness is given by:
Bn = IJ2 (n)2 (2.6)
3.8 Determination of Turn-on Field
Turn-on field is obtained by plotting the I-V characteristic for a given shot. The
turn-on voltage is read from the plot at the point where the current initially begins to rise.
For PAN fibers, this is easy to distinguish. For POCO graphite, there are a number of
small current jumps before the main current rise begins, where the turn-on voltage is read.
See figures 3.6 and 3.7. Once the turn-on voltage is obtained from the I-V characteristic,
we simply divide by the known gap distance to get the turn-on field.
I-V Characteristic for 0.020" PAN Fiber
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Figure 3.6 - PAN Fiber I-V Characteristic used for Turn-on Field Analysis
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Figure 3.7 - POCO Graphite I-V Characteristic used for Turn-on Field Analysis
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3.9 Longevity Analysis
This portion of the experiment was conducted to evaluate how well the PAN fibers
were able to survive repeated voltage pulses and if there was any degradation in fiber
performance. The experiment was carried out on two voltage pulse generators. The
Pulserad listed in section 3.1 could only be fired about once every minute due to the time
required to charge the capacitor banks for each shot. This only allowed us to perform
about 150 pulses across a cathode. Another system was used (described below) that
allowed us to pulse a cathode about 2.5 times per second, but at a much lower voltage.
Both systems were used to see what type of damage occurred to the PAN fibers. Pictures
of the fiber surface were taken before and after exposure using a scanning electron
microscope or a high power light microscope.
3.9.1 High Voltage - Low Repetition Experiment
Approximately 150 shots were taken on a 0.020" PAN fiber cathode at fields
between 60 and 110 kV/cm. Gap distances used varied from 1.0 to 1.5 cm. This system
operated at a vacuum pressure of 4x10 6 torr. We compared the current emitted at a
specified field in the early shots and near the 150th shot. We also compared the surfaces
of an unused cathode and the cathode that had been pulsed 150 times using a scanning
electron microscope at magnifications of up to 2,500x.
3.9.2 Low Voltage - High Repetition Experiment
The system used for this phase of the experiment consisted of a locally fabricated
power supply, a capacitor bank triggered by a thyratron, and an annular cathode made of
POCO graphite and flocked with carbon fibers by ESLI. The system was capable of
generating a voltage pulse 4ps long at amplitudes of up to 50 kV. The anode-cathode gap
distance was fixed at a distance of 2.0 cm.
Approximately 2000 shots were taken on the 0.020" PAN fiber cathode at fields
between 3.5 and 9 kV/cm and at a vacuum of -8xl 05 torr. In addition, this system was
operated at a vacuum pressures of 7x10-7 and lx106 torr, where the cathode did not fire at
the maximum field available. We compared the current emitted at a specified field in the
early shots and at approximately every 200 shots. We also compared the surfaces of an
unused cathode and the cathode that had been pulsed 2000 times using the scanning
electron microscope at magnifications of up to 2,500x.
Chapter 4
Results and Discussion
4.1 PAN Fiber Turn-on Field
The three PAN fibers tested all turned on at a field of less than 10 kV/cm. The
mean turn-on field for each different PAN fiber decreased as the length of the fiber
increased. The mean turn-on fields for all fibers are shown in figure 4.1 (note that the
points labeled "0.050 PAN (Ext)" are explained below). The error bars show plus or
minus one standard error.
One possible explanation for this trend has to do with how much field
enhancement a fiber can cause. A single fiber enhances the field in proportion to its aspect
ratio(length/diameter). Thus, a single 0.100" long, 7 pm diameter enhances the field at its
tip by a factor of about 350. Therefore, the longer fibers studied should be better able to
become EC's than the shorter ones. However, too high a packing density would cause the
fibers to compete for a finite amount of field. In the limit where the packing density
approaches 100% coverage of the cathode substrate, a new planar surface is formed, and
no field enhancement occurs regardless of fiber length.
Another possible explanation for this trend has to do with how an emission center
tends to interfere with the formation of new EC's in its vicinity. Experiments by Mesyats,
et.al. ["11],121,[6] show that space charge emitted from an EC may screen the electric field in
its immediate neighborhood. Small reductions in electric field have been shown to
produce large delays in the ignition of a whisker [11j,131. In this experiment, the 0.020"
fiber was made flush with the aluminum cathode head, but the 0.050" fiber extended
0.010" beyond the aluminum surface. The 0.100" stuck out the farthest at 0.060" beyond
Comparison of Mean Turn-on Fields
0.100 PAN -
0.050 PAN (Ext) -
0.050 PAN -
0.020 PAN -
Mean turn-on field (kV/cm)
Figure 4.1 - PAN fiber turn-on field comparison. Error bars show plus or minus one
standard error.
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the aluminum surface. When the fibers extend beyond the planar surface of the aluminum
cathode head, they tend to spread out, much like the bristles on a shaving brush. This
gives the same number of fibers a slightly larger area to operate in, and thus EC's would
be less likely to interfere with each other. This would result in a lower field required to
turn-on the cathode. To measure how much this extension beyond the planar surface of
the aluminum head affected the turn-on field, we put spacers behind the 0.050" fiber
cathode to make it stick out 0.040" (These points are labeled "0.050 PAN (Ext)" in figure
4.1). This caused its mean turn-on field to be higher, which went against the noted trend.
However, within one standard error, the trend still appears valid.
4.1.1 Turn-on Field Dependency on Vacuum Pressure
The 0.020" fiber cathodes were run at different vacuum pressures in the two
different systems used for longevity analysis (sec 4.5, below). The turn-on field measured
was strongly dependent on the vacuum pressure the cathode was under. At a vacuum of
10- torr and lower, the cathode would not turn-on, even at fields as high as 25 kV/cm.
On the Pulserad, which ran at a vacuum of 4x10 6 torr, the mean turn-on field was just
over 9 kV/cm. At a vacuum of approximately 8x10 5 torr, the turn-on field dropped down
to less than 3 kV/cm. This indicates that adsorbed gasses on the surfaces of the carbon
fibers play an important role in the ignition of emission centers.
4.2 POCO Graphite Turn-on Field
As expected, the field required to turn on the POCO graphite was much higher
than that required to turn on the PAN fiber. The mean of the turn on fields measured was
155 kV/cm, with a standard error of 9 kV/cm and a standard deviation of 45 kV/cm. This
poor shot to shot reproducibility of the POCO graphite was noted in earlier studies [J,[2]
These studies also noted that fields in excess of 400 kV/cm are needed to fully turn-on
POCO graphite cathodes. In this experiment, fields only as high as -280 kV/cm were
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Figure 4.2 - POCO graphite I-V characteristic. Note that the current continues to rise
after the voltage has begun to drop off
ACACIJ"m · ·
I I
reached. Figure 4.2 shows that the current from the POCO graphite cathode continued to
rise even after the peak voltage from the pulse had passed and had begun to drop. This
indicates that when the peak voltage of the pulse was reached, the graphite cathode had
not completely turned on. The EC's initiated could continue to expand until the applied
field dropped low enough to cause them to start contracting. This would allow the
current to continue to rise as the voltage dropped off, at least up to a certain point.
4.3 PAN Fiber Comparison using Emittance and Brightness
The various PAN fiber lengths were tested at fields ranging from 60 kV/cm to 110
kV/cm. Larger fields could not be attained using this Pulserad, regardless of the gap
distance used. There did not appear to be any correlation between fiber length and either
emittance or brightness. The results also include the shots taken on the 0.050" PAN fiber
that had been extended 0.040" beyond the aluminum cathode head (these points are
labeled 0.050" PAN - Extra).
4.3.1 PAN Fiber Emittance Results
Emittance measured increased with increasing applied field, and went from 0.015
to as high as 0.070 (7r cm rad). The fields we used for comparison were the peak fields
attained during the pulse. Since the camera shutter is open for a period longer than the
voltage pulse, the emittance is effectively time integrated over the entire shot. The
comparison of the different PAN fibers including the extended 0.050" PAN are shown in
figure 4.3. It should be noted that previous studies [1] showed that velvet had emittance
ranging from 0.050 to 0.150 (7T cm rad) in electric fields ranging from 100 to 600 kV/cm
with only a moderate increase in emittance with increasing applied field. It is possible that
the sharply increasing trend in emittance seen for these PAN fibers is a low field
phenomena, and that at higher fields they would behave more like velvet and have a
relatively constant emittance.
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4.3.2 PAN Fiber Brightness Results
Brightness measured ranged from 4x10 4 to 3x10 5 A/cm 2 rad2 and generally
decreased with increasing applied field. However, it appears that the brightness has some
lower asymptotic limit. Current measured increased with increasing field, and slightly
exceeded Child-Langmuir predictions for all shots. Also, since current appears to follow
Child-Langmuir scaling, this decreasing trend in brightness might reverse at higher field if
emittance follows the trend that velvet does as stated above. The brightness comparison
for all PAN fibers is shown in figure 4.4.
4.4 POCO Graphite Emittance and Brightness
POCO graphite's poor shot to shot reproducibility manifested itself in the
measurements of emittance and brightness, just as it did in the measurements of turn-on
field. After a series of shots had been taken, we noticed that the surface of the graphite
was pitted. This macroscopic change in the surface of the graphite could account for an
area of local field variation that would change as the surface changed, and thus cause the
shot to shot variability. As stated in chapter 2, rapid turn-on of EC's is required to
minimize the spatial variation of the resultant electron beam.
Due to the high turn-on field required for the graphite, a comparison with the PAN
fibers in the same voltage regime was not possible. We obtained results for POCO
graphite in the range of 155 kV/cm to 375 kV/cm, which was higher than the 110 kV/cm
maximum we were able to attain with the PAN fibers. The fields used in the following
graphs were the peak fields attained during the shot.
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4.4.1 POCO Graphite and PAN Fiber Emittance Comparison
POCO graphite's emittance ranged from 0.06 (7r cm rad) to 0.12 (7c cm rad).
There appeared to be almost no correlation between emittance and applied field. This
agrees with earlier studies that examined graphite [5
When we took a series of shots on the PAN fibers, we would see a set pattern of
spots. This pattern would remain the same as we increased or decreased the field on
successive shots. Only the intensity of the spots would change. This was not the case
with POCO graphite. The spot pattern for graphite would change with each successive
shot, whether or not we changed the applied field. This indicates that the whisker sites on
the POCO graphite surface are changing with each shot.
The spots for the PAN fibers were consistently circular and uniform. However,
the spots for the POCO graphite were often nonuniform both in intensity and shape. This
indicates that the surface is not completely turned-on, and that the resultant electron
beamlets are undergoing some perpendicular acceleration as they leave the surface of the
cathode. Figure 4.5 compares the emittances measured for all PAN fibers and the POCO
graphite.
4.4.2 POCO Graphite and PAN Fiber Brightness Comparison
POCO graphite's brightness varied from 1x10 4 to 4x10 4 A/cm2 rad2. Again, due to
the poor shot to shot reproducibility, there appeared to be no correlation between
brightness and applied field. Additionally, current was only 1/3 of that predicted by Child-
Langmuir. This again indicates that the graphite does not fully turn on with the fields we
applied. Figure 4.6 compares the brightness measured for all PAN fibers and the POCO
graphite.
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4.5 PAN Fiber Longevity
The PAN fiber cathodes showed no noticeable degradation in performance in
either the high-voltage/low-repetition or the low-voltage/high-repetition longevity
experiments conducted. Turn-on fields at constant vacuum pressure did not change over
repeated shots. The I-V characteristic curve remained the same as did the emittance and
brightness of the electron beam produced (note that only the high-voltage low repetition
longevity experiment conducted on the Pulserad had a beam diagnostic for measuring
emittance and brightness). Comparison of longevity for velvet from other studies is shown
in table 4.1. Note that the results of studies [17] - [21] were for velvet. The last two
studies listed in the table are for PAN fibers.
Table 4.1 - Comparison of PAN and Velvet Longevity
Study Pulse Pulse Vacuum Number Damage Remarks
[Ref #] Voltage Duration torr) of shots Noted?
[17] 2 MV 30 ns -10' 5  1000-1500 Yes (1)
[18] 1 MV 3 ns -10- 5  >1000 Yes (2)
[19] 150 kV 2.5 gs -10' 200 No (3)
[201 135 kV 100 ns N/A N/A Yes (4)
[21] 30 kV 250 ns N/A 18,000 No
High V - 135 kV 200 ns -4x10 6  150 Yes Sec 4.5.1
Low Rep
Low V - 20 kV 4 ps -8x10' 5  2,000 Yes Sec 4.5.2
High RepI
(1) The velvet was essentially completely destroyed, leaving only a bare aluminum substrate.
(2) Some fibers became brittle and broken after time. However, no degradation in performance was noted.
(3) This velvet cathode was saturated with a CsI solution with the intent of attaining slower gap closure.
(4) The current extracted "decreased over time."
-:
4.5.1 High Voltage - Low Repetition Experiment
After 150 shots at between 60 and 110 kV/cm, the 0.020" PAN fiber had no
degradation in performance. The measured emittance, brightness, current density and
turn-on field were the same for the first shot as for shot 150. However, the cathode was
noticeably whiter than one that was unused. Since the primary component of the fibers is
carbon, a "bleaching" of the surface is not possible. It is most likely that the color change
is due to material from anode erosion being transported to and deposited on the cathode.
On low magnification (100x), there is no easily noticeable difference in the surface of a
0.020" PAN fiber cathode that has not been used (figure 4.7a) and one that has had 150
pulses applied to it (figure 4.7b).
At higher magnification (300x), there were some noticeable differences. Figure
4.8a shows a clump of material that has collected on the anode. This is most likely
stainless steel (FeO, Ni, etc.) from the anode that has been eroded from impacts by the
-150 keV electrons. Figure 4.8b shows fibers that have been fused together, either by
partial melting of the fiber surface or by collection of ionized anode particles.
It has been noted E"I that measurable anode erosion begins -10 ns after a high
voltage pulse is initiated. For a gap of 0.035 cm and accelerator voltage of 35 kV
amplitude, small balls of molybdenum anode material -1-2 gtm in diameter begin to be
deposited on the cathode approximately 18 ns after the voltage discharge began 1"]. That
implies the molybdenum from the anode crosses a 0.035 cm gap in 8 ns. However,
according to the Lorentz force law, singly ionized molybdenum atoms under a field of
1000 kV/cm can cross a 0.64 cm gap in 8 ns, yet they only cross 0.035 cm in that time, a
factor of 18 less. This implies that some other mechanisms are involved in transport.
(a)
(b)
Figure 4.7 - 100x magnification. Comparison with (a) unused PAN fiber and (b) after 150
shots.
(b)
Figure 4.8 - Cathode damage. (a) Anode material deposition, 300x magnification.
(b) Fusing of Fibers, 370x magnification.
Using a similar scaling for this experiment, only those shots taken at fields -100
kV/cm and gap -0.4 cm would deposit anode material on the cathode. The best
conditions for anode material transport in this experiment were at a field 110 kV/cm and a
gap of 1.0 cm, which would seem to preclude successful transport during the pulse length.
However, it is possible that due to the longer flight time of the anode particles across the
gap, additional ionizations could occur that would increase the electrostatic force on the
particles. A more likely explanation is that the decaying oscillatory component on the
voltage pulse on the Pulserad assisted transport by allowing a longer pulse length,
although at lower field. Also, there was noticeable macroscopic anode erosion seen after
this many pulses.
4.5.2 Low Voltage - High Repetition Experiment
After 2,000 shots at -10 kV/cm, the 0.020" PAN fiber had no degradation in
performance. The current density produced and the turn-on field were the same at the
first shot and at shot 2,000. Also, there was no noticeable macroscopic change to the
fiber surface. Even under magnifications up to 300x, there was no visible fiber damage or
anode material deposition. The low field used and the large gap distance (2 cm) would
allow anode material transport over the long 4ts pulse length. However, gap closure
occurred at approximately 0.5 ps which effectively shorted the gap voltage to nearly zero
at that point. This corresponds to a gap closure rate of 4 cm/ps, which is comparable to
that observed for velvet in previous studies [141. Therefore, this shorter effective pulse
length would only allow transport across a gap of 0.24 cm, a factor of 8 less than the
physical gap distance. Also, there was no visible macroscopic anode erosion.
Only at a magnification of 2,500x was there any noticeable degradation of the
cathode fibers. Figure 4.9 compares a virgin fiber tip with one that has fired 2,000 times.
Notice that the tip that has been used is beginning to show some erosion.
(a)
(b)
Figure 4.8 - Cathode damage shown at 2,500x magnification. (a) Virgin Fiber (b) Fiber
after 2,000 Shots.
Chapter 5
Conclusions and Recommendations
5.1 Turn-on Fields
PAN fiber is clearly better than POCO graphite in that it requires less field to
completely turn-on. This is believed to be caused by the local field enhancement of the
fiber tips, as is the case with velvet, which are much more effective whiskers than the
random defects in the POCO graphite surface. There is an interesting trend for turn-on
field to be less for longer fibers. This may be due to the fact that the longer fibers stuck
out beyond the aluminum cathode head and were more spread out. It is possible that a
lower density fiber (fewer fibers per cm2) may show improvements in turn-on field over
the ones used in this experiment. This lower fiber packing density could result in more
electric field available per fiber, and since a fiber's ability to locally enhance field is
proportional to its aspect ratio (length/diameter), this should allow cathodes made with
longer fibers to turn-on at a lower field. A lower fiber packing density would also place
fibers outside each others screening radii (Rs), allowing for faster turn-on.
Alternately,, a cathode with a higher packing density would have a larger surface
area with which to adsorb gasses. These adsorbed gasses have been shown to play an
important role in cathode plasma formation, and to a certain extent, may reduce the
ablation of the fibers themselves. Thus, a cathode with a higher packing density may have
a longer useable life.
Even so, the real advantage to a low turn-on field is its effect in making the
resultant electron beam more spatially uniform. Therefore, since only low currents are
produced at the low turn-on fields of the PAN fibers, there does not seem to be much
advantage in pushing the field required for turn-on any lower, unless a very low current
electron beam were needed.
5.2 Emittance
PAN fibers clearly had lower emittance than POCO graphite. However, there are
two significant issues to be resolved about the emittance measured for the PAN fibers.
These issues include the multiple spots seen for each voltage pulse, and the trend toward
rapidly increasing emittance with higher applied field.
5.2.1 Multiple Spots
As was stated earlier, the crowbar switch on the Pulserad was not operational
during this experiment. This led to a decaying oscillation in the voltage pulse after the
main peak had been reached. It is possible that even though complete turn on of the
cathode had occurred, the drop in voltage could allow the cathode plasma to partially
quench. The next rise in voltage could begin to re-ignite the areas of the cathode that
were not turned-on, but until complete turn-on was reached, the electron beam emitted
would be not as spatially uniform as the beam produced at the main voltage pulse peak.
These secondary non-uniform beams could produce a spot on the scintillating screen at a
different location than the primary beam did, resulting in multiple spots from a time
integrated measurement. Another way to eliminate the secondary spots recorded would
be to time the shutter of the camera used to record the scintillation spots so that the
shutter closed at the end of the main voltage peak. If the secondary spots are indeed
caused by the secondary peaks from the voltage pulse, this would eliminate them also.
5.2.2 Higher Field Regime
Additional study of the PAN fibers needs to be conducted at a higher field than
was available during this experiment. If the increasing emittance trend noted was to
continue at higher field, then the useful range of these fibers as cathodes would only be in
low field, and hence low current applications. If their performance paralleled velvet at
these higher fields, then once again, the variables available in the fabrication of these fibers
could be optimized and a material could be made that surpassed velvet as a cathode
material.
5.3 Brightness
PAN fiber is clearly better than POCO graphite in Brightness. Again, a higher field
regime is needed to see if the trend toward lower brightness at higher fields will hold, or if
the trend will more closely parallel velvet.
5.4 Longevity
The material that forms the cathode plasma is considered the primary source of
cathode erosion and hence degradation in cathode performance. If adsorbed gasses make
up the bulk of this plasma, then they are essentially a renewable resource for the cathode.
As long as sufficient time is allowed between pulses, the gasses will be re-adsorbed and
available for the next pulse. Running the cathode at a higher pressure may extend its life,
but certainly too high a pressure could have a negative effect on beam propagation and
gap closure.
From the high magnification pictures, it also appears that the fibers themselves are
ablated to contribute to the cathode plasma. Other studies [118 have shown that velvet
fibers can become brittle and broken after a large number of high-voltage pulses (1000
shots, 1 MV). Minimizing the damage to the cathode fibers is key to a long lifetime. A
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higher packing density cathode may have a longer useable life. Even if some fibers are
screened and do not become emission centers, these fibers may then be "saved for later"
after the fibers that ignite become brittle and broken.
Finally, it is not clear what effect, if any, the deposition of anode material on the
cathode has on cathode performance. If this material could be chosen to contribute to the
cathode plasma, then the anode could be a renewable source of material for the cathode
plasma (certainly the best of all possible worlds). However, the constraints on anode
material (transparency to the electron beam, its own structural integrity and lifetime, etc.)
make this a difficult problem.
5.5 PAN Fiber Compared to Velvet
It is not clear from this experiment if a PAN fiber cathode would be better than a
velvet cathode. A higher field experiment with a direct comparison to velvet performance
would be best for resolving this question. As for the results of this experiment, it is
apparent that they are comparable, but neither is clearly better.
Appendix A
Construction of a Scintillation Detector
Introduction
One of the oldest techniques known for detecting ionizing radiation is to use an
appropriate material to convert the ionizing radiation to visible light. These materials are
known as scintillators and radiation detectors made from them are called scintillation
detectors. As the ionizing radiation passes through the scintillating material, it can ionize
or excite atoms or molecules. When these excited or ionized atoms de-excite or
recombine, most of the energy is lost to thermal excitation, but some is released as visible
light. This light emission can be used to measure different properties of the incident
ionizing radiation, such as its energy, location, arrival time, etc. [AlJ. This appendix will
discuss the characteristics of inorganic scintillation detectors used in electron beam
experiments.
Electron Beam Diagnostics
In electron beam experiments, a key measure of a beam's quality is given by it's
brightness (B1), the larger the better. For example, the gain of a free electron laser
operating in the low Compton regime is directly proportional to electron beam brightness
[5]. These devices use a relativistic electron beam confined in a magnetic field as their
lasing medium. A number of other devices that produce coherent radiation also use
relativistic electron beams. To calculate the brightness of the beam, we must first measure
it's emittance (sn). This is most often done using the Pepper-pot technique.
In the Pepper-pot technique, electrons from a cathode source are accelerated
across a known potential, and impact on an anode with several small pinholes. A small
portion of the total electron beam passes through these pinholes producing several small
beamlets. By measuring the divergence of these beamlets, one can calculate the emittance
of the original beam. To measure this divergence, the beamlets are allowed to traverse a
known distance through a field free region, and at the end of this region, they impact on a
scintillating screen. This produces a number of visible light spots on the screen, which can
be recorded by some type of camera. Measuring the spot size on the recorded image
allows one to determine the beamlet divergence, and hence the emittance, and hence the
brightness of the beam studied. The question then is, how should this scintillation detector
be constructed?
Inorganic Scintillators
Scintillation Mechanism
This scintillation mechanism in inorganic materials depends on the energy states
determined by the crystal lattice of the material. A pure crystal that is an insulator or
semiconductor has two major bands where electron energy levels exist, the valence band
and the conduction band. The valence band consists of those electrons bound at the lattice
sites, and the conduction band consists of those electrons that are at a high enough energy
level to travel freely throughout the crystal. These two bands are separated by an energy
gap called the forbidden band, where electrons in the pure ordered crystal cannot exist.
When an ionizing particle enters such a crystal, part of its energy can be transferred to an
electron in the valence band, exciting it to the conduction band and leaving a positively
charged hole in the normally filled valence band. When the electron returns to the valence
band, it emits a photon. However, this is an inefficient process. Additionally, typical gap
distances between valence and conduction bands are large enough that the emitted
photons are too energetic to lie in the visible range. These two factors make pure crystals
generally undesirable for use in scintillation detectors [Al]
To increase the probability that a visible photon will be emitted in the de-excitation
process, the pure crystal is doped with an impurity, called an activator. These activators
create sites in the lattice where energy levels become available in the forbidden band. As a
result, there are levels in the forbidden band for an excited electron to transition to as it
de-excites from the conduction band to the valence band. These sites are called
luminescence centers. In some cases, these centers can also occur in pure crystals due to
lattice defects. For example, interstitial zinc ions in pure zinc sulfide can become a
luminescence center IA2]. Electron transitions at one of these sites can readily produce a
photon in the visible range. These are the photons that are most desired in making an
effective scintillation detector (see figure Al).
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Figure Al - Energy Structure of an Activated Crystalline Scintillator (ref Al)
Ionizing radiation passing through an activated crystal will create large numbers of
electron-hole pairs. The positive hole will quickly drift to an activator site and ionize it,
because the impurity will be chosen so that its ionization energy is less than that of a
typical lattice site. Meanwhile, the electron that had been excited to the conduction band
is free to travel throughout the crystal until it encounters a hole or an ionized activator.
Since the hole moves quickly to an activator site, it is most likely that the electron in the
conduction band will drop into one of these sites and form an excited impurity that has
transition levels within the forbidden band. Photons emitted from electron transitions in
the excited impurity are much more likely to be in the visible spectrum, as stated earlier.
These transitions can occur very rapidly, on the order of 10-7 sec, which means the photon
is emitted very soon after the ionizing radiation reaches the scintillator. This means that
the ability of a scintillator to distinguish the arrival of two different particles or photons is
dependent on how quickly it emits this luminescence photon. These photons have another
advantage in that the main crystal lattice will be transparent to their wavelengths [A1]
Photons produced from a direct transition from the conduction band to the valence band
can be easily reabsorbed by the crystal since they are of the same energy required to create
an electron-hole pair. Hence, they are not available to be used to record the incident
ionizing particle.
Competing Processes
There are two processes that compete for the energy that creates the desired
scintillation photons. The first is called phosphorescence, and occurs when an excited
electron arrives at an activator site and creates an excited impurity whose transition to the
ground state is forbidden [A1]. These sites are metastable and are called electron traps [A2
They are states that require additional energy in order to go to a higher state from which
de-excitation is allowed. This is usually provided by thermal energy in the crystal lattice.
Gaining this additional energy takes time, and thus the photons emitted from these de-
excitations can be delayed from the event that created them. Alternatively, the electron
trapped can gain enough energy to be excited back to the conduction band, where it must
travel until it reaches another hole [Al]. Both of these processes cause the emitted photon
to be delayed. For this reason, phosphorescence is also called afterglow.
Another competing process is quenching. Quenching is due to the fact that some
de-excitations of activators are radiationless transitions. When one of these transitions
occurs, the energy that could have contributed to a visible photon is lost to thermal energy
of the lattice A2]
Scintillation Material Requirements
For electron beam diagnostics, the ideal scintillation material should have these
properties [All:
- High scintillation efficiency - the majority of the kinetic energy of the incident
ionizing radiation should be converted to visible photons.
- Linearity - light yield should be proportional to the energy deposited over as wide
a range of energies as possible.
- The material should be transparent to the photons it emits.
- The decay time of the induced luminescence should be short (important for fast
events or short time resolution studies).
- The material should be easy to handle.
No scintillation material meets all these criteria, and some measurements don't require all
of them. Choosing a scintillator for a particular application is a compromise among these
criteria. Specifically, in most electron beam diagnostics, the camera used to record the
light emitted from the scintillating screen is left open for a time longer than the duration of
the beam. Thus, the emittance measured is time integrated over the life of the beam.
Therefore, the phosphorescence of the selected scintillator is not an issue, since even
delayed photons will be collected. In determining emittance, it is generally the collective
behavior of the beam that is being studied. Therefore, it is only important where an
electron arrives, not when. However, in time resolved studies, an optical gate is usually
used to examine a specific portion of the lifetime of the electron beam. If too much of the
incident electron's energy is emitted as phosphorescence, getting enough signal can
become a problem. However, this can be remedied by use of a micro channel photo-
multiplier.
ZnS(ZnO)
Zinc oxide activated zinc sulfide has a very high scintillation efficiency, comparable
to that of NaI(TI), one of the most efficient and most commonly used scintillators. Its
linearity and afterglow are also similar. ZnS comes as a polycrystalline powder, which
must be fashioned into the shape desired (see below for details). Its sensitivity to thermal
and mechanical shock is only a function of how it is formed into a detector. The most
significant drawback of this material is that thicknesses of greater than about 25 mg/cm2
are unusable because of the opacity of the multicrystalline layer to its own luminescence
(see figure A2). However, these constraints on fabrication can be overcome easily enough
to produce reliable, durable scintillating screens for electron beam diagnostics.
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Figure A2 - Counting rate of ZnS vs. scintillator thickness (ref A2)
Construction of a ZnS Scintillation Detector for Electron Beam Diagnostics
A number of studies of electron beams conducted at the Research Laboratory for
Electronics (RLE) at MIT have used ZnS scintillation detectors. The exact fabrication of
these detectors varies somewhat with each experiment, but they all follow the same
guiding principles.
First, the ZnS powder must be bonded together to form a uniform surface. A thin
layer approximately 3 mils thick is ideal. A thickness greater than 5 mils will be unusable,
because at that thickness, the multicrystalline layer is opaque to the photons it generates
and most of the signal is lost. Usually, the powder is mixed in an acetone based cement,
similar to airplane glue, that is nearly optically clear when dry. This mixture is thinned
with acetone, and then applied to an appropriate substrate using a fine paint brush. In this
mixture, the ZnS acts like a precipitate and will settle to the bottom of its container if not
stirred every few seconds. The settling time depends on how thin the glue has been made.
Too thin a coating (-1.5 mils) will leave some areas of the substrate without enough ZnS
coverage to generate a reasonable signal.
Second, the choice of a substrate is important. Often, it is largely a function of the
energy of the electron beam studied. An important characteristic of any substrate chosen
is good electrical conductivity. In electron beam experiments, currents on the order of a
few kiloamps to tens of kiloamps are regularly achieved. Charge can build up on the
substrate in subsequent pulses if it is not grounded properly, and cause deflections in the
electron beam that is being measured.
Another important characteristic of the substrate used is, of course, its
transparency to the electron beam. 100 keV electrons have a range of about 3 mils in
aluminum, while the range for 200 keV electrons is close to 12 mils and 1 MeV electrons
have a range of over 130 mils [A3]. Stainless steel and copper ranges are shorter by a
factor of 3. Therefore, because of its good electrical conductivity and transparency to
electrons, aluminum is usually the substrate of choice. For low energy (100 keV) electron
beam experiments, aluminum foil (-1.5 mils thickness) is usually used. Since these
experiments are conducted under fairly good vacuum (-10"5 torr), a foil this thick cannot
serve as a vacuum break, and therefore must be kept under vacuum, and the scintillation
photons viewed through a transparent vacuum break such as Plexiglas. For higher energy
beams (1 MeV), the aluminum substrate can be thick enough to be used as a vacuum
break itself, and the ZnS coating exposed to air.
Conclusion
ZnS is not nearly as popular as many newer scintillating materials, but it is cheap
and, with a little experience, relatively easy to make into a scintillation detector. Care
must be taken to insure the scintillating layer is not too thick or too thin. Also, the choice
of a substrate must be based on the energy of the electron beam that is to be measured.
Once made, the detector requires no special handling and its afterglow is not an issue for
time integrated electron beam measurements. The photons emitted are easily captured on
many commercially available cameras, and provide accurate data for analyzing electron
beam performance.
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